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What might a galactic algorithm look like?

Quantum Algorithms for Quantum
Field Theories

Stephen P. Jordan,** Keith S. M. Lee,? John Preskill?

Quantum field theory reconciles quantum mechanics and special relativity, and plays a central
role in many areas of physics. We developed a quantum algorithm to compute relativistic scattering
probabilities in a massive quantum field theory with quartic self-interactions (6* theory) in
spacetime of four and fewer dimensions. Its run time is polynomial in the number of particles,
their energy, and the desired precision, and applies at both weak and strong coupling. In the
strong-coupling and high-precision regimes, our quantum algorithm achieves exponential
speedup over the fastest known classical algorithm.

Vacuum Prep+Adiabatic evolution+Trotterization+Measurements!?]
Example: |(pp|U(t)|mmmm)|? needs O(107) logical qubits

< 3 fm

~ ( 0.05 fm

)3><(3 links X 11 qubits + 3 colors x 2 flavors x 2 spins x 1 qubit)

[2] Jordan, S. P., K. S. M. Lee, and J. Preskill. In: Science 336 (2012). arXiv: 1111.3633 [quant-ph].
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Where could we be when EIC runs?

p—t
O
—
i
T ll|||||

203 QCD PDF?

p—t
-
—
(V)
T IIIIII|

p—
-
Y
)
|I|I|T|

43 QCD n?

| D D DO DN R B B N D D B B B | I D B DO N DN BN B D DN D D B B B DR N R B B | [ I D D B DU D B B NN B DN D DO BN DN B DN N BN BN B B B B B

43 Z2 77?

-

—_
-
@y

T lIIIIWI_I T IIIIIIII

104 v — Ar?

T ll|||I|

T |I|ll|T|

Hank Lamm
https://indico.bnl.gov/event/10699/contributions/51464/

Scaling IBM Quantum technology
IBM Q System One (Released In development Next family of IBM Quantum systems

2019 2020 2021 2022 2023 and beyond

27 qubits 65 qubits 127 qubits 433 qubits 1,121 qubits Path to 1 million qubits

and beyond

Google Al Quantum hardware roadmap

2019 Physics derisked 2029 Year

== ’ | pre= S| ]

54 10? 10° 10° 10° 10°  Physical qubits
Beyond Logical qubit 1 Iogic’al qubit Tileable module Engineering Error-corrected
classical prototype (Logical gate) scale up quantum computer
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It’s time to go

So many things to do!...and lots can be done before the machine exists

o Digitizing SU(3) s X

e Spectroscopy for approximations
o Explicit circuits

@ Reducing the errors

e e.g. Finite volume, finite a, a;,
decimation errors, fidelity to obtain
realisitic resource estimates

Hank Lamm
https://indico.bnl.gov/event/10699/contributions/51464/

Cause we’re young
and we're reckless,

We’ll take this
way too far

@ Algorithms for state prep, smearing

@ Investigate desirable properties
o PDF?, Viscosity?

@ Actual simulations of toy models
o ZQ & ))4
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Digital twin definitions

* Digital Model: a digital version of a pre-existing or planned
physical object

» Digital Shadow: digital representation of a physical object with a
one-way data flow from the physical to digital object

» Digital Twin: data flows between a physical object and a digital
object are fully integrated and bilateral

Digital Model Digital Shadow Digital Twin

e Physical Object 58 e Physical Object
B8 Digital Object il IS Digital Object

IIIIIIIIIIIIIIIIIIIIIIIIIIIII ’ —

Physical Object

Digital Object

Manual Data Flow Automatic Data Flow

v d
Al4EIC 10 JefferSon Lab

Malachi Schram
https://indico.bnl.gov/event/10699/contributions/53857/



Extending digital twin and analytics for control workflow
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Scaling workflow on HPC system

« Digital Object is interfaced with industry standard
OpenAl gym environment

o 10 accelerate the data generation we developed a
MPI-based framework

o We created an agent that maps the action-reward
for all simulations

o A production job split the MPlI communications
between the agent and each Digital Object

environment
Agent (BO, RL, etc.)
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On-detector intelligence using on-chip Machine Learning

y e Resource constrained environment
* eter_oggnotis System
) in Package _ o
Digital scaling / Integrated non-yolatilg memory © ngh Radiation
Mixed signal approach @ / 3DIC / Photonics/ Wireless o Limited Power/Material budget
Hardware g%@ o Where should this intelligence be added
5 s interdisciplinary 32 e Efficiency and reconfigurability
Ecg Codesign %o
58 z o Ultra-low energy per inference at
o5 extremely high rates (10’s ns)
&5 o Reprogram both network and parameters
A . On-chip learning / inference
S
&K ® PhyS|cs based Algorithms
M Phsics ~ =S o iy o Independent events
Physics based Al o o Depth vs. classification
CNN / SNN/ Transfer

learning/ Distributed Al
HL-LHC / XFEL /

Synchrotron light sources

Farah Fahim
https://indico.bnl.gov/event/10699/contributions/53858/



Physics Driven Hardware Co-design

® Algorithm development based on Physics data

ALGORITHM ' |.‘
DEVELOPMENT WEL
por’ ralimg
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Backend: ..

\_/’—6
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Directives
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— hls 4 ml

Performance

® hlisd4ml simplifies the design of on-chip ML accelerators

m | his4ml directives | << | HLS directives |

m C++ library of ML functionalities optimized for HLS

® TMR4sv hls: Triple Modular Redundancy tool for System
Verilog & HLS

W\,

void foo(int A[10],
int B[10], int C[10])
{

int i = 0;

11: for (; i < 10; i++) |
A[i] = B[i] * i;

}

i=0;

12: for (; i < 10; i++) |
B[i] = A[i] * B[i]):
C[i] = B[4i] / 10;

}

bar (A, B):;

C++
Specification

B
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Co-design with algorithm

/ Goals for scientific discove

Novel Device Development
Highly Granular Sensors

capable of producing both

precise timing as well as
charge information

RN

Pixel level

SO

ution

New Machine learning
algorithms for data

processing (feature
extraction and fast Inference)

®

ROIC
Top level

Architecture

e C(Convert raw data to physics information
e Reconfigurable pixel clusters for classification dependent on detector

geometries

e C(Create hierarchical network and enable parallel computation.

/ System level constraints \
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Farah Fahim
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Heterogenous Computing

 The only tool left to a computer
architect for extracting continued
performance improvements is to use
fransistors more efficiently by
specializing the architecture to the
target scientific problem

o« Computer vendors are pursuing
systems built from combinations of
different types of processors to
Improve capabillities, boost
performance, and meet energy
efficiency goals.

Productive Computational Science in the Era of Extreme
Heterogeneity hitps://doi.org/10.2172/1473756

%OAK RIDGE

National Laboratory

Quad ARM® Cortex™-A9 Core

32 KB |-Cache
per Core

NEON per Core

32 KB D-Cache

per Core
PTM per Core

Connectivity

MMC 4.4/ USB2 HSIC
SD 3.0 x3 Host x2
MMC 4.4/
SOXC MIPI HSI
2 S/PDIF
UART x5, Tx/Rx
5 Mbps
| Piwas
"c -
SPI X8 s
50 +
ESAI, xl;SISSI DTCE

HDMI and PHY  24-bit RGB, LVDS (x2)
MIPI DSI 20-bit CSI
MIPI CSI2

Travis Humble
https://indico.bnl.gov/event/10699/contributions/53859/



Five Priority Research Directions

—

. Maintaining and Improving Programmer
Productivity

Flexible, expressive, programming models and
languages

Intelligent, domain-aware compilers and software
development fools

Composition of disparate software component
content

2. Managing System Resources Intelligently

 Optimize for performance, energy efficiency, and

%

Automated methods using introspection and
machine learning

availability

OAK RIDGE

National Laboratory

3. Modeling and Predicting Performance

Evaluate impact of potential system designs and
application mappings

Model-automated optimization of applicaftions

. Enabling Reproducible Science Despite

Diverse Processors and Non-Determinism

Methods for validation on non-deterministic
architectures

Detection and mitigation of pervasive faulfs and
errors

. Facilitating Data Management, Analytics,

and Workflows

Mapping a science workflow to heterogeneous
hardware and soffware services

Adapting workflows and services through machine
learning approaches

Productive Computational Science in the Era of Extreme
Heterogeneity hitps://doi.org/10.2172/1473756

Travis Humble
https://indico.bnl.gov/event/10699/contributions/53859/



Research Challenges in Heterogenous Al

* Experimental design  * Physics informed * Algorithms, « Uncertainty * Edge computing
 Dats cliration and e Ranforcemeant complexity and quantification » Compression
i ; convergence - | |
validation learning : * Explainability and * Online learning
: - * Levelso interpretabilit
. Com.pressed Adversarial parallelization P Y * Federated learning
SEne A i tei * Validation anid * Infrastructure
« Facilities operation ~ * Representation ) x;:ﬁr‘:‘g{i‘?'s'on verification
and control learning and multi- o CSiicakiREsranEa . Augmented
modal data « Communication intelligence

¥0AK RIDGE Al for Science https://doi.ora/10.2172/1604756

Travis Humble
https://indico.bnl.gov/event/10699/contributions/53859/



Panel discussion

Wide-ranging conversation that touched on:
* effective models for maintaining partnerships with industry 10 years from now,

* upcoming changes to the “boundaries” between different steps of the
computing workflow - tasks that live in one bucket now will likely move to
another!,

* the ways quantum simulation may guide data analysis,
*how we will make advanced platforms available,
* what will be important 10 years from now but isn’t part of the discussion today,

*and even what the water supply needs to look like when locating your
datacenters!

See the live doc for details!



